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ABSTRACT

oughout the flight the vehicle heating and ..

“acceleration loads must be kept within tolerable
This paper discusses planetary entry maneuvers limits by the control system. This system must

which include atmospheric capture for Mars entry be able to perform adequately even though there

_ velocities up to 12 km/sec; atmospheric capture are errors in the measuring instruments and uncer-
for Earth entry velocities up to 21 km/sec; skip- tainties in the atmosphere characteristics.
out control to either a parking orbit or extended
ranges; and terminal range control. Simulator In previous studies®™2® the control of space
results are compared for both autometic and vehicles entering the Earth's atmosphere from
_piloted-guidance systems. The results are pre- = circular or near circular velocities have been
“sented to illustrate the expected guldance per- analyzed. In this paper these stud_ies are
formance as compaered with the vehicle's full y . robles ne 8 g
capabilities. Several factors considered are the with planeta.ry missions. This paper 'uill fi.rst
control-response requirements, -the effect of — " consider the basic dynamics of the entry trajec-

. _measurement errors and atmosphere uncertainties,. tories-and how-the dynamies—of-the-trajectory —— -
end the effect of various display and control variables are related to the guidance and control
techniques. problem at the extreme entry velocities. Simu-

lator resuits will be presented that illustrate
control in the capture maneuvers, control during

]:M.'RO]XK.‘]!IOH skip out to elither a parking orbit or to extended

- - ranges, -8nd control to the planet's -surfaces A -
With the successful entries of manned vehicles comperison will be made of the control problems

from near Earth orbits, attention has been turned &0 both Earth and Mars. The discussion will

to-the problems of atmosphere entry for more— -cover. both-the use of automatic control-end -

advanced manned space-flight missions. Manned manual back-up control systems.

trips to the planets have been studied in a num-

--ber of recent investigations.l"® Studies have - - :

showm that vehicles returning to-Barth- from-these TRAJECTORY  CONSIDFRATTIONS IN PLANETARY ENFRIES

missions will enter the atmosphere at speeds of

up to 15 km/sec and perhaps as high as 20 km/sec. Trajectgg Dynamics

Entry veloeities at & planet such-as Mars are - T T e .

expected to be.as high as 12 km/sec. Retrorock- A spsee vehicle amxroachim a p];anet at

ets could conceivably reduce these large approach supercircular velocity must be within a safe

speeds, but the weight of fuel required makes entry carridor if it is to be captured within -
this method of braking impractical, and wesre = the planet's atmosphere. The entry corrlidor, -
led to serodynemic braking in the atmosphere as illustrated in Pig. 1, is the difference in

.. " | the most reslizable solution at this time. . . height of the -vacuum perigees-of two-conic-tra-

i ,jectories, 22 the upper trajectory forming the
During aercbraking msneuvers, manned vehicles overshoot boundary and the lower trajectory being

must be able to control aerodynsmic lift to the undershoot boundary. If the vehicle
satisfy several requirements. Initially on approaches above the overshoot trajectory, it
entering the atmosphere, the vehicle must per- does not. enter the atmosphere sufficiently to be

___form a "ecapture™ maneuver to keep from exceeding _ captured; 1if it approaches below the undershoot. .

acceleration limits or skipping back out of the . trajectory, its total acceleration-foree will - -

‘atmosphere. After the capture maneuver and dur- exceed a-specified value (usually considered 10g)-
ing the supercircular deceleration portion of

_the flight, the control system must regulatea . . . Aftier the vehicle has entered the atmosphere,
large negative aerodynamic 1ift force Lo counter-  serodynemic 1ift control-must be correctly

act the centrifugal force of the trajectory, and applied to insure that the vehicle will not
thus keep the vehicle within the planetary atmo- unintentionally skip back out of the atmosphere.
. sphere. ' To maneuver the vehicle to the planet’ _In this capture maneuver a negative serodynamic

e, centriﬁg;l fme, and gravity furce —




(i.e., equilibrium glide). The stability of

illustrated by the trajectories of a vehicle
trimmed at a constant 1lift/drag ratio. Fig. 2
presents trajectories of a constant L/D vehicle
entering the Barth's atmosphere at subcircular
and at supéréirciular entry velocities.
tude along the trajectories is presented as a
function of V, the ratio of total velocity to
local circular velocity. The e -

ries are for.a vehicle entering the Earth's

The alti-~

vector. With this control method, which shall be

considered in this paper, it is assumed that the .. __
vehicle maintains nearly a constant aerodynamic *i
trim condition about the pitch and yaw axis. 4

Fig. 3 is & simplified block diagram showing
the relationship between vehicle roll control and ~ ~~ 7 77 7T
the trajectory dynamics. This diagram depicts
altitude and range variations in only the vertiecal

later in the paper. This figure illustrates the © e
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atmospirere:
circular velocity (Vi = 1) the vehicle is shown
entering with positive 1ift which allows it to
mailntain near equilibrium flight. We see these
subcircular dynamics are dynamically stable about
the equilibrium glide path; that is, the motions
are oscillatory and there is a small amount of
damping. For the vehicle entering at extreme
supercircular velocity (Vi = 2.7) negative lift
is used t0 maintain near equilibrium flight; how-
ever, here we see the dynamics are unstable.

torque about the roll axis produced by the roll
control jets is integrated to produce a roll rate.
Integrating the roll rate changes the roll angle.
The control of the roll angle is a part of the
vehicle "short-period dynamics.” The dynamic
response of the system which follows a change in :
roll angle is termed the "long-period” or trajec- i
tory dynamics. !

The roll angle determines the component of the
—IITt Toree vector

One—supereireular trajectory-
back out of the atmosphere, while the other tra-

Jectory with just & small change in entry condi-

tions dives deeper into the atmosphere. These
uncontrolled dynamics are studied further in
detall in references 30 to 32 where they are
considered analogous to the classical aircraft
phugoid motions.

The date in-Fig. 2 show that the phugoid
dynamics expected in supercircular entries are
unstable and thus illustrate the need for con-
trol. This control is critical, and fast
response is needed for extreme BEarth entry
velocity where the time to double amplitude of
the uncontrolled dynamics can be on the order of
5 seconds. At Mars the supercircular phugoid
dynemics are somewhat more stable than at Earth
because the gravitational force is less; there-
Fore less 1lift is required to hold the vehicle
near equilibrium 1ift.

Now we can point out in Fig. 2 the boundaries

vehicle is near equilibrium flight and is allowed
+to fiy above the lar equilibrium giide
path, it will skip back out of the atmosphere
uncontrolled. The allowable region of flight
mist be below this equilibrium flight boundary.
On the other hand, the vehicle camnot be allowed
to dive too far into the atmosphere or the accel-
eration forces will be greater than 10g. During
the supercircular portion of the entry, the
vehicle must be flown betweén the upper skip-out
boundary and this lower acceleration boundary.

Relationship of Control and Dynamics

5 shown 56 BKIp

-within-whiech the-vehicle -must operate. - If-the—— ——use-of fast

_within the &t

If-the vertical

aerodynamic-

plane. - The integrated changes in this wvertical R
1ift force determine the changes in the vehicle
rate of climb. Integrating this vertical velocity
determines the changes in the vehicle altitude
and consequently the changes in drag acceleration.
The subsequent integration of drag scceleration ;
determines changes in horizontal velocity, -and a ;
final integration determines the subsequent |

changes in the -downranges - - -

. E

Fig. 3 illustrates that gulding to a given !
dowrrange point is, in effect, controlling a = ST
sixth-order function. With an om-board computer C e oo
and inertial platform, position and velocity -
information can be accurately determined during
entry, and guidance loglc equations within the T
computer can determine the proper roll angle
required to capture the vehicle and to reach the
destination. Several types of guidance logic o - B |
equations that can be programmed in the on-board 4
computer have been found to be satisfactory for "
supercircular entries. These programs include the
4,15,21-28,29 g0 o
well as stored path information.}®"2°,2% 15 the -
present paper, sutomatic vontrol results will be oo ST T =
illustrated by the fast-time prediction method . .
outlined in reference 29.

TRAJECTORY CONTROL IN PIANETARY ENTRIES

. The results presented were obtained from simu-
lation studies of automatic and manual back-up
systeme.Z752° The control problem of capture
rith the at eres of Barth and Mars will be
discussed first. Next, skip-out control to either
a parking orbit or to extended ranges will be con-
sidered, and, ﬁna.l],v, the temim.l range control

mmmwmmh

-$0-regulate—the vertical -component-of the-iift —
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Capture Control

The control required in capture for the
extreme Barth entry velocity is illustrated in
Fig. 4 for entries near the overshoot boundary
and near the 10g undershoot boundary. These data
were obtained using the automatic control method
outlined in reference 29. At the overshoot
boundary the vehicle 1ift is held full down

throughout—the FIRTY PR +o-insure that

21 km/sec

e

For an L/D = 1 vehicle entering the Earth's

e gt the extremeentry- velocity of— -
(Vi~ 2.7) there is sbout a 15-km corri-
dor. A 15-km corridor is on the order of that
required to accommodate mideourse guidance errors
end atmosphere uncertainties.®’®® A vehicle with
an L/D = 0.5 entering the atmosphere of Mars at
a maximum expected velocity of 12 km/sec (Vi~ 3.5)
will have an available corridor of about 30 km.

the vehicle is pulled down into the atmosphere.

The manual comtrol values shown in Fig. 6 were

When the peek acceleration is reached, tIeToLl
“angle 1s modulated to stabilize the trajectory
about equilibrium and to maneuver onto the
desired path. Near the undershoot boundary the
full positive 1ift is held initially to insure
that the acceleration will stay within 10g. Near
peak acceleration the vehicle must be rolled to
that negative 1lift required to mainbain equilib-
rium and keep the vehicle from skipping back out
of the atmosphere. The roll angle is then modu-
lated to stabilize the trajectory about equilib-
rium and to maneuver onto the desired path.

"“the pilot was oniy given the information That ~

obtained from piloted simulation studies Im whnich

would be available from a back-up roll gyro and a
single strapped down accelerometer.®® The pilot
found control to be more difficult in the Earth
entry than in the Mars entry. This was due pri-
marily to the eritical roll timing required for
capture and the more unstable control situation
encountered in the Earth's atmosphere as compared
to the Mars atmosphere. For the Mars entries the
pilot was able to use essentially the full corri-

dor capabilities of the vehicle beyond Vy= 3.5,

The proper timing of this roll maneuver -for
the undershoot boundery case is critical at the
higher entry velocities. This is illustrated in
Fig. 5 for entries at both Earth and Mars. These
data are for representative vehicles with a maxi-
mm roll rate of 209/sec.  For the extreme Earth
entry velocity there is approximately a l-second
time leeway within which the roli-over maneuver
moy be initiated. If the roll maneuver is initi-
ated later than this the vehicle will skip back
out of the atmosphere. Control applied earlier
than this time will cause the vehicle to exceed
10g acceleration. Por the extreme entry veloeity
at Mars, the roll maneuver is less critical and
there 1s about a 6-second leeway within which the
roll maneuver may be initiated.

For the capture maneuver in Earth entries it
has been found that increasing the maximm roll
rate capability of the vehicle from 20°/sec to
even an infinite value will sllow only about 1/2-
second additional leeway for the maneuver. For
o1l rates less than about-15%/secthere-is———— -
essentially no time leeway within which the roll
meneuver can be performed with thé accéleration
peak less than 10g. It appears that a maximm
roll rate of at. least 20°/sec, which is on the
order of that for the current Gemini and Apollo
vehicles, is adequate to perform the capture
maneuvers.

Proper control timing does not appear difficult
with automatic control and & high-speed on-board
computer.?® The timing is very critical from the
pilotts standpoint, though, if he must perform
the entry with only minimal back-up display
information. In this case the pilot must "play
it safe™ and roll a couple of seconds early to
i capt The carridor capabilities of

. full corridor. This particular system uses feed-

the maximum expected entry velocity. For Earth
entries the pilot was able to control consistently
within a.15-km corridor depth to about V= 2.5.. .
This compares with the full vehicle capability
which gives a 15-km corridor at about V= 2.7.

With an automatic system, as outlined in
reference 29, vehicles can utilize most of their

back measurements of velocity, acceleration, and =~
altitude rate. Possible errors in measuring the
altitude rate have been found to be the most
critical. For an Earth entry at V= 2.7 this
measurement must be accurate to within 50 m/sec
for the vehicle to utilize 99 percent of the
available corridor and within #90 m/sec to utilize
90 percent of the available corridor. In con-
trast, for entry to Mars at the extreme emtry
velocities, V3 = 3.5, the altitude rate must be
known to only about #120 m/sec to utilize 99 per-
cent of the available corridor.

The day-to-day uncertainties in the Earth's
atmosphere do not appear t6 seriously affect the
ability of the guidance systems to utilize the
full corridor capabilities of the vehicle. How-
ever, we are not at all sure of what variations
to expect in the Mars atmosphere. It appears that
if the scale height of the atmosphere can be
known within sbout 25 percent, the vehicle can
utilize the full corridor available at the partic-
ular time of entry.*

e
baoth the automgtic and
systems are compared in Fig. b with the maximm

ment is used in
AR y - - o -4-7 inty ‘l!’l fh:a
seale height of the h density rather - o

available. corridors. These data are for repre-
sentative entry vehicles both at Earth and Mars.

the capture control.
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When a vehicle approaches a planet at super-
circular velocities it might be controlled to
skip out of the atmosphere and into a parking

orbit or possibly- to -extend range. The exit con-

ditions for achieving the desired altitude or
range objectives are illustrated in Fig. 7. These

date are derived from Keplerian equations of
motion for the extra-atmosp P

Mmmfw the skip out to

height within +25 percent there is only a small

Terror in the maximum-skip-out- altitude.- S ——

The right side of Fig. 8 shows that an error in
flight-path angle directly affects the maximum
skip-out height. For the conditions considered
there 15 an error of about 860 metérs in the maxi=
mum skip-out altitude for each meter per second of
vertical velocity error at exit. An error of

neters—in the ma S altitude
1s also found for each meter per second of hori-

-ehbher-a-desired.altitude or range there 1s a

choice of the combinations of exit angles revy
exit velocities which will meet these obJectives.
The choice of exit condition and the manner in
which the vehicle must be comtrolled to arrive at
this condition will be discussed briefly. Repre-
sentative examples will illustrate the skip-out
control into a parking orbit asbout Mers, and the
skip-out comtrol to extend the range at Earth
return.

—zontal veloc

\ ity error at exitv—The finsl-maneuv
‘to accelerate the véhicYe ‘Iﬁtﬁmmﬁrb&fﬁ—-A s

can compensate for some of the errors in the skip-
out maneuver.

Skip-oub e coptrol in Barth entries.- In
the skip-out maneuver in Earth entries the consid-
erations of measurement uncertainties and heating
are of primary importance. From Fig. 7 it can be
seen that the steeper the exit, the less sensitive
the ra.nge t0 changes in exlt angle. From the

et g standpoint it is desirable to decelerate

The use of ae.rodymmic bra.king to decele:rate [
spacecraft end establish an orbit about Mars has -
“been consldered in a mumber of studies.2 12,3496
The guidance within the atmosphere to reach the-
parking orbit consists in controlling the vehicle
vertically to the desired maximum skip-out alti-
tude and in controlling laterally through the
desired plane angle change. A thrusting maneuver
is needed then; near the meximm skip-out alti-_

tude to circularize the orbit. Onmly that portion -

of control within the atmosphere is discussed in
this paper. B

The choice of exit conditions to control
depends on many considerations. These are typli-
cally: to minimize thrust required to inject
into orbit; to minimize effects of measurement
errors; to minimize effects of density uncertain-
ties; to minimize heating within the atmosphere;
ete.

In order to minimize the thrust required to

-.—inject the vehicle into orbit, the exit should be

pusttive 1Pt to extend the range. This also .
implies an exit at steep flight-path angles. An
extt angle of about 5°, close to bthe maximum eIt
angle that can be achleved for typleal emtry con-
figurations, appears to be reasonable for extended
range control at Barth.

.. - In the skip-cut maneuver for extended range,
certain exit erfore canm be compensated for -during -
the second entry. This is illustrated in Fig. 9

where the attainable range during the second enery

is presented for various constant L/D trajec-
tories. For nominal skip-out ranges on the order
of 15,000 km, an L/D = 0.4 vehicle can compensate
for skip-out range deviations on the order of
+500 km and an  L/D = 0.8 vehicle can compensate
for skip-out range deviations on the order of
#1,500 ¥m. Range deviations due to representative
measurement errars are compared to these ranging
capabilities in Fig. 9. These data illustrate
that a vehicle with an L/D capability of less
than about 0.4 is marginal in its ability to com-

made at a shallow angle. This ‘implies & near
full npegative 1ift at the time of exit. Most of
the other considerations, noted however, require’
that the vehicle be flown t0 steeper exit angles
and exit holding near zero lift. TFig. 8 is
included to illustrate control results®® in such
a skip-out maneuver. These data show the devia-
tion of the maximm skip-out altitude actually
achieved during the skip-out maneuver from the
desired parking orbit altitude as a function of
density scale height and exit angle error.

_As presented on the left side of Fig. 8 the
skip-oub error for positive scale height varia=
tions is found to be minimal. For negative scale

height variatious » the m.ximm skip-out #1tude

“pensate Tor these typical skip-out-errors-— -An -
_ important tradeoff can be inferred from this dis-
cussion; that is, moré accurate skip-out comtrel
is mandatory with lower L/D vehicles, and less
accurate skip-out control can be tolerated with

higher L/D vehicles. For a vehicle with an
L/D = 1, exit angle errors up to #1.5° or exit
velocity errors up to 360 m/sec can be tolerated
and s satisfactory terminal control mansuver can
be performed after the skip-out.

Terminal range comtrol in EBarth emtry.- The
discussion in this section applies both to the
Final range control maneuver after the skip out -
and to the short range control maneuvers from
supercircular velocity in vhich the vehicle is not

X atmosphere. The ter-

W ¢ the Iower altftuies and then pull meer—full

i
|

i

;nwmm - . : nns,'gm_g -the wehi--

eleaeer %0 the. des:l:neﬁ tom:hdown point with the

- cT “exits at & somevhmt higher veloeity than -

desired. TFor uncertainties in the density scale

“wehicle in a position to meke the fizal touchdowms— — — -
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A trajectory is 1llustrated in Fig. 10 for the

--control of terminal range by & rollemodulated .. .

vehicle.27 The vehicle makes its range meneuver
at a velocity of V = 1.4 and about 3000 km from
the desired destination. This is representative
_ of nonskip range control from supercircular
velocity. The vehicle 1s gulded toward am equi-
1ibrium glide trajectory which terminates at the
desired destination. A trajectory with a roll

angle of +60°, as center of nal steering error is on the order of 5 km.

the subcirculsr downra.nge capability. A varia-
F¥-'Y

the pilot must interpret five separate levels of
information and the maximum error is on the order
of 30 km.

In the acceleration command display, shown
next, the range and velocity informetion is 1ncor- N
porated into an “acceleration-~to-fly-to® display.- - -

With this display the pilot hes to interpret four
separate levels of informastion and the maximum

tionimvertical 1ift—foree-is for the

vehiele to iy nearthis-subeircuisr giide-path-
to its destination. This force determines the
megnitude of the roll angle. The sign of the
roll angle (i.e., right or left) is determined
by the crossrange to the destination. As shown
in the figure, the vehicle 1s allowed to fly to
one side until the crossrange exceeds a design
envelope at vwhich time the sign of the roll angle
is reversed. The design envelope is a converging
deadband that represents about one-half of the

_erossrange capability. The ro]_l-e.ugle history

corresponding -to the crossra.nge :reve:rsal points.
With this crossrange control method, the trajec-
tory converges to the destination as shown. - -

With automatic guidance systems and this type
of control technique, the final steering errors
are very small, on the order of 1 km. The pri-
mary contribution to the over-all final error is

the ability of the inertial system t0 measime the
vehiclets position. This navigation error (as
opposed to steering error) with present ®state-
of -the-art® inertial equipment and updating Is on
the order of 1 km for each 1000 km of range
traveled during entry.37 It should be pointed
out that during entry, at altitudes between about
50 and 100 km, a plasma sheath will encompass the
vehicle and any updating from the ground may be
impossible. Below 50 km guidance information can

be relayed to the vehicle to control the fimal -~ -

touchdown.

Now the ability of the pilot to perform the
terminal -range-control
the display information he is given. It was
pointed out in Pig. 3 -that the eonbrol-of down--.-
range represents a sixth-order control task. In
order for the pilot to control range he must keep
in mind six levels of lead information, unless,
of course, this information is combined in appro-
priate display arrangements. Fig. 11 is included
to0 illustrate the maximum expected terminal
steering errors associated with various display
arrangements that incorporate progressive levels
of lead information.27

The first arrangement consisted of six .. ...
separate displays representing measurements of
each of the six state variables. Here it is seen
that the steering range errors can be as large as

-is g function of -

For either the acceleration rate command, roll

---angle-commandy -or-roll-rate command .display - o e e
arrangement, the terminal steering error can be on

the order of 1 km. This represents an aceuracy

as good as that of the fully automatic system.

The pilotts ratingsa" of the various display
arrangements with short-period augmentation both
in and out are illustrated in Fig. 12. Without
stability augmentation the pilot must damp short-
period osciliations about the pitch and yaw axes
as well as perform the guldance functions about

With short-period stability augmentation in it
Is seen that display arrangements which give the - e
guidance task to at least a third-order function
(1.e., acceleration rate command) are satisfactory
for normal operstion. Without short~periocd
stability augmentation it is seen that only guid-
ance display arrangements which give a roll rate
eommand are considered satisfactory for mormel — o T T T
operation. In this situation the pilot has simply
to look at three short-period rate instruments
{roll rate, pitch rate, yaw rate) and carrect the - R
rates about each axis.

If the on-board computer and precision inertial
measuring equipment have not failed during entry
and the pilot must control the vehicle {such as
with an autopilot failure), it is reasonable to
have the pilot fly by the roll rate or roil angle i
commend as would the completely automatic system.

If the precision inertial measuring equipment is

not operating during entry, however, there is the

problem of obtaining navigation measurements. It .
appears possible, in emergency situations of this 1
type, to-use a-strapped down roll gyro along with I '
a single strapped down acceleration as measuring
devices.Z7928 Phe gyro {or a view of the outside
scene) can indicate to the pillot the horizon roll
angle. A displsy of the acceleration can give
relative altitude changes within the atmosphere.
With the proper mounting of the accelerometer on
the particular vehicle configuration®’ an inmte-
gration of the accelerometer output can indicate
velocity changes, and a second integration can
indicate range changes. These types of back-up
measurements are expected to give terminal navi-
gation errors on the order of 1 to 3 percent of
the entry range as compared to errors on the
order of 0.1 percent that are presently expected

60 km. The range-to-go information in the

with more sophisticated Inertial measuring uwmits.

velocity command display shown next 1s Incorpo-

rated (by means of §

Byelocity~to-fly-to" command. With this display




Mars.

CONCLUDING REMARKS

“his peper has illustrated several considera-
tions for the guidance and control of space
vehicles entering the atmospheres of Earth and

First, the control at extreme entry velocities
requires a large negative aerodynamic force to
keep the vehicle within the atmosphere. The

(3) Anon., "A Study of Early Manned Interplane-

tary Missions — Final-Summery Report;” FASA-
MSFC Comtract NAS 8-5026, General Dynamics/
Astronautics, Rep. AOK 63-0001, Jan., 1963.

(&) Anon., "Manned Interplanctary Mission Study -

Summary
tract NAS 8-502’+ Lockheed Missiles and
Space Co., Rep. 8-32-63, March, 1963.
{5) Jomes, A. L., ed., "Menned Mars Landing and
Dt o

Report - Volume I," NASA-MSFC Con-

uncontrolled dynamics in this situation are
h'lnh'ly unstable

Mission Study - Finsl Report,' NASA
Ames Research Center, Contract NAS 2-1408,

For Earth entry velocities up to 21 km/sec
there is approximately a l-second time interval
within which & roll meneuver must be initiated to
insure capture without exceeding a 10g limit.
When automatic control is used in the capture
maneuver, there is essentially no degradation in
the usable entry corridor depth. For simple
plloted back-up systems, though, successful cap~
ture is limited to entry veloeity less than about
19.5 kn/sec because of the critical timing of the

1964,

(6) Sohn, R. L., ed., "Manned Mars Landing and
Return Mission," NASA-Ames Research Center,
Contract NAS 2-1409, TRW Space Technology
Ig.sboratories, Rep. 8572-6011-RV-000, March,
1964,

(7) Anon., "Preliminary Design of a Mars-Mission
Earth Reentry Module - Final Report,™ NASA-
MSC Contract MAS 9-1702, Lockheed Missiles
and Space Co., Rep. 4-57-69-1, Feb., 196h.

North American Avietion, Inc., Space and
Information Div., Rep. SID 65619, March,” "~

maneuver is less critical, a.nd either the piloted
back-up or automatic system can use essentian,y
81l of the availsble corridor depth.

In considering skip-out control to a parking
orbit at Mars there is a direct correspondence
between system performance and measurement
errors. Density scale height uncertainties up to
125 percent cause essentislly no degradation ¢f°
performance, however.

In the skip-out meneuvers for extended range,
certain exit errors can be compensated during the
second entry. There is a direct tradeoff between
the magnitude of these allowable exit errors and
the meximum vehicle L/D.

Phe final terminal control error with an

-aytomatie system is primarily in-the navigation

error of the initial messuring unit rather than
any steering error. With piloted back-up sys-
tems, however, both the navigation and steering
errors may be sizable. This paper has illus-

—Shopland, D+ J+; Price, D A:; und Hearne,
L+ ¥ y-"A Configuration for Re-entry From -
ﬁr:ﬂ%ﬁlﬁsiw Using Aerobraking,” AIAA Paper

(9) Wong, T. J., and Anderson, J. L., "A Prelim-
inary Study of Spacecraft for Manned Mars
Orbiting and Landing Missions,™ SAE-ASME
National Air Transport and Space Meeting,

New York, N. Y., April 27-30, 196h4. _ _

(10) Pritchard; Brian £.; "Survey of Velocity =
Requirements and Reenbry Flight Mechanics for
Manned Mars Missions," ATAA Paper 64-13.

(11) Syvertson, C. A., and Demnis, David H.,
®rends in High-Speed Atmospheric Flight »®
ATAA Paper 6h-514.

(12) Sohn, Robert L., "Manned Mars Trips Using
Venus Swingby Mode," Pro¢. ATAA/NASA Third
Manned Spaceflight Meeting (Houston, Texas,
Nov. L6, 1964) pp. 330-338. AIAA Pub.
‘CP-10, 196h.

(13) Chapman, D. R., An Analysis of the Corridor
and Guidance Requirements for Supercircular
Entry Into Planetary Atmospheres, NASA TR

trated the effect of various iead-information
displays on the pilot's ability to perfoarm the.
range control task. It is concluded that dis-
plays that give basic velocity and range-to-go
information are unsatisfactory for normel opera-
tion; whereas displays that include short-period
command informetion are sstisfactory.
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